Objective-To understand the anatomy and physiology of ascending aortic aneurysms in angiotensin II-infused ApoE −/− mice. Approach and Results-We combined an extensive in vivo imaging protocol (high-frequency ultrasound and contrastenhanced microcomputed tomography at baseline and after 3, 10, 18, and 28 days of angiotensin II infusion) with synchrotron-based ultrahigh resolution ex vivo imaging (phase contrast X-ray tomographic microscopy) in n=47 angiotensin II-infused mice and 6 controls. Aortic regurgitation increased significantly over time, as did the luminal volume of the ascending aorta. In the samples that were scanned ex vivo, we observed one or several focal dissections, with the largest located in the outer convex aspect of the ascending aorta. The volume of the dissections moderately correlated to the volume of the aneurysm as measured in vivo (r 2 =0.46). After 3 days of angiotensin II infusion, we found an interlaminar hematoma in 7/12 animals, which could be linked to an intimal tear. There was also a significant increase in single laminar ruptures, which may have facilitated a progressive enlargement of the focal dissections over time.
A ortic aneurysm is clinically defined as a local increase in aortic diameter of at least 50% compared with the normal diameter. 1 Abdominal aortic aneurysms (AAA) are associated with cardiovascular risk factors, such as smoking, age, male sex, hyperlipidemia, hypertension, and chronic obstructive pulmonary disease. 2 Although these factors also underlie the majority of thoracic aortic aneurysms, the latter subgroup incidence is more often related to family history than to the above mentioned factors. 3 Because most aneurysms remain asymptomatic until-often fatal-complications such as rupture occur, our understanding of the pathogenesis, especially in early stages, is limited. Angiotensin II infusion into hypercholesterolemic ApoE −/− mice is a well-known experimental model of both AAAs 4 and thoracic aortic aneurysms. 5 We have recently explored a novel imaging technique, phase contrast X-ray tomographic microscopy (PCXTM), to visualize the abdominal lesions of angiotensin II-infused mice. 6 Because the axial resolution of our PCXTM scans (6.5 μm) was close to the thickness of histological coupes for routine morphological evaluation (4 μm), we introduced PCXTM-guided histology to select sections of the aorta in a highly precise manner for pathology analysis. 6 This approach allowed us to demonstrate that the abdominal lesions in these mice stem from medial ruptures in the suprarenal side branches, leading to media-adventitia dissection with intramural bleeding and thrombus formation. 6 Much like in humans, data on thoracic aortic aneurysms are scarcer than data on AAAs in mouse models. Daugherty et al reported dilatation of the ascending aorta as semiquantified on histological sections after 28 days of continuous angiotensin II infusion in ApoE −/− mice. 5 They observed expansion of interlaminar spaces, collagen deposition, and macrophage accumulation. The latter changes were found most extensively within the adventitia, whereas destruction of elastic fibers was observed on the outer convex aspect of the arch. Luminal dilatation, [7] [8] [9] wall thickening, 8, 9 and elastin fragmentation 8, 9 after 28 days of angiotensin II infusion were confirmed by other authors as well. Rateri et al reported a significant increase in diameter of the ascending aorta within 5 days using 2-dimensional (2D) high-frequency ultrasound. They also reported interlaminar hemorrhage at early time points. 9 Furthermore, they consistently observed mural medial breaks within the anterior aspects of the aorta. 9 Although detailed research on morphology, topography, and translational aspects of these ascending aorta lesions is still lacking, the mouse model is a common and convenient tool in preclinical pharmacological [10] [11] [12] [13] and gene therapy 14 studies.
In the current article, we combined in vivo imaging with PCXTM and PCXTM-guided histology to visualize, characterize, and quantify the lesions in the ascending aorta of angiotensin II-infused ApoE −/− mice. We performed a longitudinal study with sacrifices at different time points and, hence, stages of disease development. A large number of lesions, particularly those found at the earliest time points, did not qualify as ascending aortic aneurysms from the pathomorphological point of view (not all layers were involved) nor the clinical point of view (no sufficient increase in lumen size). The study of these premature lesions with both established and novel technologies enabled us to present remarkable insights into the pathophysiology and morphology of murine ascending aortic aneurysms over time.
Materials and Methods
Materials and Methods are available in the online-only Data Supplement.
Results

Aortic Dimensions and Aortic Regurgitation
Using the clinical criterion of an increase in aortic size of 50%, 1/22 cases measured with motion mode (MMode) ultrasound, 3/27 cases measured with brightness mode (BMode) ultrasound, and 5/11 cases measured with microcomputed tomography (micro-CT) could be diagnosed with an ascending aortic aneurysm (comparing for each technique the aortic size at the latest available time point to the aortic size at baseline, in the animals that were scanned successfully at least twice). The ascending aorta diameter as measured with MMode (1-dimensional [1D]) increased significantly over time, but a statistically significant difference was only detected between baseline and day 28 ( Figure 1E and Table I in Table I in the  online-only Data Supplement) . Aortic regurgitation as quantified from pulsed Doppler measurements was present, but very low at baseline (day 0). Regurgitation was found to be significantly higher than baseline from day 10 onwards ( Figure 1H ; Table I in the online-only Data Supplement).
Wall Strain and Thickness
Circumferential Green-Lagrange strain decreased significantly over time (P<0.001). A sharp decrease occurred between baseline and day 3, after which the strain values stabilized ( Figure 2B ; Table I in the online-only Data Supplement). Both intima-media thickness and adventitial thickness as measured on Sirius Red-Miller stains were significantly different between angiotensin II-infused mice and controls (Table I in the onlineonly Data Supplement). The medial thickness only reached a significant difference after 28 days ( Figure 2C ), whereas the adventitial thickness was already significantly different from saline-infused controls at day 10 ( Figure 2D ). There was also a trend for increased collagen content in the wall (P=0.51; Table  I in the online-only Data Supplement; Figure 2E ).
Focal Dissections in the Ascending Aorta
In n=41/42 scanned samples, the ex vivo PCXTM images revealed at least 1 and maximum 4 dissections, defined as gaps in the aortic wall of at least 10% of the local wall thickness ( Figure 3A ). The geometric mean of the dissection length was 1.07 mm per sample (95% confidence interval: 0.81-1.41), its wall surface area was 0.97 mm 2 (95% confidence interval: 0.65-1.46), and its wall volume was 0.022 mm 3 (95% confidence interval: 0.013-0.037). No dissections were observed in control animals. Although the largest dissections occurred at the latest time points, no significant difference in lesion volume was observed between the investigated time points of angiotensin II infusion ( Figure 3B ; Table I in the online-only Data Supplement). There was a significant difference in dissection incidence and dissection size in between circumferential quadrants. The lowest number of dissections occurred on the inner convex aspect of the aorta, with pairwise comparisons being significant between the inner convex and right aspects ( Figure 3C ; Table II in the online-only Data Supplement). The largest dissections occurred on the outer convex quadrant of the aorta, with pairwise comparisons being significant between the outer convex and left quadrants ( Figure 3C ; Table I in Figure 3D ).
The dissections were characterized on image-guided histology by a loss of continuity in at least 3 adjacent inner elastic laminae of the tunica media ( Figure 4A and 4C ). Applying the morpho-pathological criterion for an aneurysm (ie, a vascular outpouch involving all layers of the wall 15 ), one could state that only 54% of the investigated stains that showed (part of) 
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Interlaminar Microhemorrhage
H&E stained sections showed that interlaminar microhemorrhages and hematomas occurred after 3 days of angiotensin II infusion ( Figure 5A ). The hematoma size as measured on HE stains was larger after 3 days of angiotensin II infusion than at subsequent time points, indicating this lesion to be an early step in the pathogenesis of aneurysms in mice ( Figure 5C ; Table  I in the online-only Data Supplement). The accumulation of extraluminal free erythrocytes occurred more frequently in the outer (abluminal) laminae (L4-L7); no hematoma was found in the inner 2 laminae (L1-L2; Figure 5D ; Table II in the online-only Data Supplement). Hemosiderophages, stained with Prussian blue, were seen resorbing the hematoma at later time points ( Figure IB in the online-only Data Supplement).
These observations were confirmed on the 3D PCXTM images of the animals that had been scanned with contrast-enhanced micro-CT ( Figure 5B ). The incidence of extraluminal, intramural Exitron leakage (Exitron is the micro-CT contrast agent that had been injected in vivo) was significantly higher after 3 days of angiotensin II infusion than for controls. At later time points, the difference was no longer significant ( Figure 5E ; Table I in the online-only Data Supplement).
Elastic Laminae Ruptures
The combined Sirius Red-Miller stained slides revealed several discrete discontinuities in the medial (elastic) laminae ( Figure 6A ). Laminar ruptures were present in all animals ( Figure 6B ; Table II in the online-only Data Supplement). The total number of laminar ruptures was significantly higher in angiotensin II-infused animals than in controls ( Table I in the online-only Data Supplement). The difference reached significance after 18 days of Ang II infusion ( Figure 6B ). Neither the incidence nor the number of ruptures varied in between different quadrants ( Figure 6C ; Tables I and II in the onlineonly Data Supplement). However, both the incidence and the number of ruptures were significantly different in between layers. The highest number of laminar ruptures occurred in the central laminae (L2-L4), whereas the outer laminae (L1, L7) were less frequently affected ( Figure 6D and Tables I and  II in the online-only Data Supplement).
Transmural Dissection
All of the 8 animals that were found dead in their cage with hemothorax had died between 3 and 8 days of angiotensin II infusion, during the initial stage of disease development. Six out of these 8 ascending aortic samples were scanned ex vivo with PCXTM. In all 6 cases, the cause of death could be related to a hemothorax, secondary to the transmural dissection of the ascending aortic wall. PCXTM-guided histology confirmed a complete rupture of all laminae in the tunica media. The transmural dissection ran in the cranial direction (toward the aortic root), be it on the inner convex aspect ( Figure IIA 
Discussion
In Vivo and Ex Vivo Imaging: Interpreting the Observations
To the best of our knowledge, our ex vivo PCXTM images are the first report of volume and location of the focal dissections that cause ascending aortic aneurysms in angiotensin IIinfused mice. Despite the focal and asymmetrical nature of the wall damage observed ex vivo, an asymmetrical outpouch with luminal expansion was not observed in vivo with BMode or micro-CT. Nevertheless, the luminal volume observed with micro-CT just before killing correlated moderately with the size of the focal dissections observed with PCXTM (r 2 =0.46; Figure 3D ). Because the size of the dissections was quantified in the absence of intra-aortic pressure, this correlation does not account for the impact of the dissection on the structural properties and strain of the aorta. Moreover, the size of the aneurysm might also be influenced by wall remodeling (Figure 2 ), intramural hematoma formation ( Figure 5 ), and discrete laminar ruptures ( Figure 6 ), all of which affect the entire wall and not just the region of the dissection. Considering these confounding factors, we think that a correlation of r 2 =0.46 is not insignificant and that our data support a (possibly indirect) relationship between the size of the observed dissections and the size of the aneurysm in vivo. Within the different in vivo imaging techniques, the increased accuracy and added information of 2D BMode and especially 3D micro-CT resulted in more overt, more gradual, and more significant differences in between different time points than what was obtained with 1D MMode (Figure 1E-1G ; Table  I in the online-only Data Supplement). Our data thus contradict earlier findings of Rateri et al, who observed a more gradual increase with 1D MMode than with 2D BMode, whereas their BMode measurements reached a plateau value after 7 days of angiotensin II infusion. 9 Moreover, 3D imaging enabled us to identify aneurysms that were not picked up by 2D, and 2D imaging was more sensitive than 1D. Because 1D and 2D ultrasound strongly depend on the field of view chosen by the user, 16 these findings indicate that for follow-up studies on aneurysm formation, 3D images should be acquired when possible.
Both aortic regurgitation and ascending aortic volume were significantly increased after 10 days of angiotensin II infusion ( Figure 1G-1H) . This leads to a dilemma that has also been discussed in a clinical context: did the dilatation of the aorta cause the regurgitation or vice versa? 17, 18 On the one hand, fast progression of the disease (both variables were already increased, albeit not significantly, after 3 days) seems to suggest that in angiotensin II-infused mice, diastolic regurgitation was the consequence rather than the cause of aortic dilatation, most likely driven by poor leaflet coaptation. 19 On the other hand, once present, diastolic backflow and the subsequent hemodynamic perturbations might have played an important role in the further degeneration of the wall. 20 This is further supported by the fact that the volume of the dissections was larger in the most convex aspect of the aorta ( Figure 3C ). Aortic regurgitation has been reported to induce aortic remodeling in the outer convex aspect of the ascending aorta in pigs. 21 In human patients with a bicuspid valve, aortic expansion 22 and extracellular matrix protein expression 17 were also increased in the most convex part of the ascending aorta. The latter might thus be a locus minoris resistentiae to hemodynamic alterations. Follow-up research is needed to provide more insight into the intriguing role of aortic regurgitation in this mouse model. 
Image-Guided Histology: Exploring Potential Mechanisms
Because the paraffin cutting (before staining) was guided by the PCXTM images, we were able to target the exact region of interest within each analyzed lesion. The analysis of this image-guided histology revealed significant differences between early and late time points of angiotensin II infusion.
We observed large intramural hematomas after only 3 days of angiotensin II infusion ( Figure 5 ). The presence of Exitron aggregates within the wall indicates an intra vitam locally increased permeability of the vessel wall or even loss of continuity of the endothelial lining. 6 In contrast to Rateri et al, who could not identify any access point for the interlaminar hematoma, 9 PCXTM-( Figure 5B ) and PCXTM-guided histology ( Figure 4A, day 3 ) allowed us to visualize the intimal defect which led to a mural bleeding at these early time points.
We also found an increase in laminar ruptures in the tunica media at an early stage of the disease (Figure 6 ). Because these laminar ruptures were highly frequent in the second and third lamina ( Figure 6D ), both of which were affected in all focal dissections ( Figure 4B ), one might hypothesize that the dissections were the result of a progressive tear that had been initiated by a combination of single laminar ruptures. This theory is further supported by the anecdotal observation that 7/41 focal dissections occurred in bilateral pairs, with a tear on the right side of the aorta accompanied by a mirroring one on the left (eg, Figure 3A , day 10-18 and Figure 4A, day18 ). If several laminar ruptures culminate into a dissection on one side (left or right), this might locally elongate the aorta and increase the tension on the other side, thus leading to additional laminar ruptures on that side and an ipsilateral, symmetrical dissection.
Because apoptosis was mainly observed at later time points and near the edge of dissections ( Figure IA in the online-only Data Supplement), it may have played an important role in the progressive enlargement of the lesion over time, rather than being an early event as widely assumed. 23 The progression over time of an initially small tear could also be driven by mechanical forces and factors, such as the loss of recoil of adjacent intact elastic laminae, the focal loss of vessel wall compliance (as evidenced by a decrease in circumferential strain, Figure 2B ), and interlaminar bleeding ( Figure 5 ).
After the initial events, further degradation occurred, and medial elements were replaced by the deposition of collagen in response to hematoma organization and remodeling of the vessel wall (Figure 2A ). Because the medial thickness did not change much after day 10 ( Figure 2C ), we hypothesize that the formation of granulation tissue (at first) and fibrosis (later on) were counterbalanced by compensatory hypertrophy and hyperplasia of the remaining medial smooth muscle cells. This could trigger a vicious circle of degeneration, loss, and switch of the contractile phenotype for a secretory one. 24 The altered physical properties of the wall possibly predisposed other sectors of the segment to undergo degenerative medial changes as well.
We think that the changes in the adventitia were the result of a combined effect of (1) systemic angiotensin II-induced vessel fibrosis 25 and (2) local reinforcement of the adventitia near focal dissections to prevent transmural dissection as a result of the locally weakened tunica media. The latter is further supported by the fact that all fatal transmural dissections occurred after 4.6±1.8 days of angiotensin II infusion ( Figure  II in the online-only Data Supplement), when adventitial remodeling was still at a premature stage ( Figure 2D-2E ). A transmural dissection may have occurred in those cases where the focal dissection evolved too abruptly, so that the outer wall segments (which did not have the time to remodel) could not bear the increased load.
Translational Value of the Mouse Model
Our previously published PCXTM findings discussed morphological differences between dissecting AAAs in angiotensin II-infused mice and AAAs observed in humans. 6 The focal and partial dissections of the tunica media that we report here have, to the best of our knowledge, never been reported in humans. However, ex vivo images that visualize the entire ascending aortic wall in 3D with a superior resolution are difficult (if not impossible) to obtain in a clinical context. Therefore, final conclusions about the translational value of the ascending aneurysms in this mouse model are premature at this stage.
An important difference between mice and men is the number of laminae in the tunica media (±7 in mice and ±50 in humans 26 ). Wolinsky and Glagov stated that the tension per lamellar unit is constant (2 N/m) among species, 27 but this was later disputed by Shadwick. 28 Hence, the tension on each lamina might be higher in mice. Also, in mice, a rupture in one lamina will have a greater impact on the local load-bearing capacity, and the tension on the remaining laminae will be higher. This might explain the observed focal nature of the dissections in mice and the fast evolution of the disease compared with that in humans. A detailed computational analysis would be necessary to confirm this hypothesis. 29
Limitations and Future Work
In this study, baseline measurements (before pump implantation) were used as controls for in vivo experiments (ultrasound, micro-CT), whereas saline-infused ApoE −/− mice were used as controls for the ex vivo experiments (PCXTM, histology). We did not investigate the influence of hyperlipidemia on ascending aortic aneurysm formation in this mouse model, and we did not use age-matched controls. These choices were based on the 3R principle (reducing the number of experimental animals as much as possible) and on previous studies reporting negative controls at different time points. 8, 9, 13 Nevertheless, we cannot completely exclude the possibility that the inclusion of normolipidemic mice or age-matched controls would have affected the conclusions of our work.
We could not find an unequivocal explanation as to why the hematoma was restricted to the outer laminae. We hypothesize that an interstitial outward pressure gradient might be present within the tunica media. Nevertheless, we cannot exclude the possibility that the hematoma was not just caused by an intimal tear and that additional breaches exist in the outer layers. This theory is supported by the fact that in 3/42 scanned samples, a focal hematoma was detected at the level of the aortic arch. Because there was no intimal tear in these cases, these hematomas possibly originated from ruptured vasa vasorum in the outer laminae of the tunica media ( Figure IIC in the online-only Data Supplement).
Although the largest dissections were found at the latest time point, we did not find a statistically significant increase in dissection size over time. The reason is that a considerable number of animals only had small dissections ( Figure 3B ) or less prominent adventitial remodeling ( Figure 2D-2E) . A similar variability in size and timing of the lesions have previously been observed in dissecting AAAs in this mouse model. 30 This is relatively surprising given the homogeneity of the genetic background in inbred mice and the identical environmental and experimental conditions and may be related to epigenetic heterogeneity or differences in local hemodynamics. Such factors should be taken into account and, if possible, further elucidated for future studies to empower this model.
Conclusions
We investigated the pathogenesis of ascending aortic aneurysms in angiotensin II-infused mice by longitudinal in vivo monitoring as well as ex vivo synchrotron-based imaging and image-guided histology of the vessel. We visualized how the axisymmetric increase in luminal size that was measured in vivo was related to highly nonsymmetrical focal dissections within the aneurysm wall and explored potential disease mechanisms. These novel insights into the morphological pathology of the aortic wall in ascending aneurysms of angiotensin II-infused mice will help to interpret treatment studies using this mouse model, both prospectively and retrospectively.
